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Highlights
• The 45-year Landsat archive contained 30 076 images for Finland by December 31, 2017.
• 16.3% of these were acquired within ±30 days of August 1 (northern hemisphere summer), 
have <70% cloud cover, and a 30 m spatial resolution.
• Using time series analyses, these data provide unique information that complements other 
datasets available for forest monitoring and assessment in Finland.
Abstract
There is growing interest in the use of Landsat data to enable forest monitoring over large 
areas. Free and open data access combined with high performance computing have enabled new 
approaches to Landsat data analysis that use the best observation for any given pixel to generate 
an annual, cloud-free, gap-free, surface reflectance image composite. Finland has a long history of 
incorporating Landsat data into its National Forest Inventory to produce forest information in the 
form of thematic maps and small area statistics on a variety of forest attributes. Herein we explore 
the spatial and temporal characteristics of the Landsat archive in the context of forest monitoring 
in Finland. The United States Geological Survey Landsat archive holds a total of 30 076 images 
(1972–2017) for 66 scenes (each 185 km by 185 km in size) representing the terrestrial area of 
Finland, of which 93.6% were acquired since 1984 with a spatial resolution of 30 m. Approximately 
16.3% of the archived images have desired compositing characteristics (acquired within August 1 
±30 days, <70% cloud cover, 30 m spatial resolution). Data from the Landsat archive can aug-
ment forest monitoring efforts in Finland, provide new information for science and applications, 
and enable retrospective, systematic analyses to characterize the development of Finnish forests 
over the past three decades. The capacity to monitor trends based upon this multi-decadal record 
with the addition of new measurements is of benefit to multisource inventories and offers nation-
ally comprehensive spatially-explicit datasets for a wide range of stakeholders and applications.
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1 Introduction
The Landsat program has been acquiring data of the Earth’s surface since 1972, and since 1982 the 
data has been acquired at a spatial resolution of 30 m. The Landsat program hitherto utilized three 
30-m sensors: Landsat Thematic Mapper (TM; Landsats 4 and 5), Enhanced Thematic Mapper Plus 
(ETM+; Landsat 7), and Operational Land Imager (OLI; Landsat 8). Data from the Multi-Spectral 
Scanner (MSS) sensor is available with a 60 m spatial resolution. In 2008, all newly acquired and 
archived Landsat images in the United States Geological Survey (USGS) archive were made freely 
and openly available (Woodcock et al. 2008), advancing the accessibility of all countries to use 
Landsat data to generate information relevant for science, policy, and reporting needs (Wulder 
et al. 2012). The spectral and spatial properties of Landsat make it particularly useful for forest 
monitoring (Cohen and Goward 2005) and the advent of time series analyses has further strength-
ened this capacity (Banskota et al. 2014). The spatial and temporal nature of the Landsat archive 
is not uniform globally, and not all acquired data is found within the central archive. Through the 
Landsat Global Archive Consolidation initiative, the USGS and International Cooperators have 
combined to ensure all previously acquired data, downloaded and stored regionally, are added to 
the central archive (Wulder et al. 2016).
The generation of image composites with Landsat time series (LTS) has become increas-
ingly common (Hansen and Loveland 2012). Compositing approaches use a rule-based approach to 
select from available observation for any given pixel, generally determined from within a desired 
temporal window to address seasonality and to meet specified information needs (Griffiths et al. 
2013; White et al. 2014). These best-available-pixel (BAP) composites overcome issues resulting 
from clouds, haze, and related shadows, which can otherwise prevent assembly of an annually 
representative coverage of imagery. Moreover, a frequent LTS data allows for the generation of 
proxy pixel values in years when there is no best observation for a given pixel (i.e. filling data 
gaps; Hermosilla et al. 2015). The result is a cloud-free, gap-free, wall-to-wall, annual surface 
reflectance BAP composite. Consecutively, a stack of these annual BAP composites, representing 
several decades, may be used for time series analyses (Zhu 2017), supporting the characterization 
of forest disturbance and recovery over vast areas (Senf et al. 2017; White et al. 2017).
International forest monitoring programs and agreements related to climate change require 
national-level information about forest resources. The Finnish National Forest Inventory (NFI) has 
been providing information on Finland’s forests since the 1920s (Tomppo et al. 2010; Kangas et 
al. 2018). The NFI is based on statistical sampling of field measurements including characteristics 
related to forest health and biodiversity, along with traditional forest inventory attributes. Informa-
tion provided by the NFI is used as the basis for national and regional-level strategic forest-planning 
scenarios for timber procurement, harvests, and silvicultural treatments, as well as for estimating 
forest carbon budgets and assessing the sustainability of forest management.
Based on the need to obtain reliable forest resource information for areas smaller than would 
be achievable with NFI field data only, the development of multisource-NFI (MS-NFI) started in 
1989. In the MS-NFI, Landsat data (also Sentinel and SPOT imagery) are used together with digital 
maps and measurements from NFI field plots for producing wall-to-wall thematic maps of forest 
attributes and municipal-level forest statistics. Although estimates of the MS-NFI and NFI (based 
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on field plots only) are similar at the regional level, the prediction error at the level of individual 
pixel is generally relatively high (Tomppo et al. 2014; Tuominen et al. 2017). As the methods used 
to generate the MS-NFI are under continuous development (Tomppo et al. 2008) and the attributes 
have not been predicted using consistent approach, the comparability between thematic maps at 
pixel or stand level from different MS-NFIs can be challenging.
Detailed spatial and temporal analyses of the Landsat archive for specific applications are 
uncommon, particularly for areas outside North America (White and Wulder 2013). Moreover, 
the capacity of the Landsat archive to retrospectively support the development of a historic record 
of forest change and analyses in the context of forest monitoring information needs in northern 
European boreal forests has heretofore not been documented. To better understand the development 
and impacts of natural disturbances and management activities on Finnish forests through time, 
spatially-explicit forest change information is required. The Landsat program provides a valuable 
long-term record for science and applications. However, the comprehensiveness of the Landsat 
archive for Finland has not yet been documented and the potential of LTS for spatially-explicit 
forest monitoring in Finland remains to be determined. Therefore, the aim of this study was to 
investigate the spatial and temporal extensiveness of the USGS Landsat archive for the support of 
long-term forest monitoring in Finland.
2 Data and methods
Metadata for all images acquired since the beginning of the Landsat program in 1972 until 
December 31, 2017 and held in the USGS Landsat archive were downloaded. Metadata were 
provided separately for Landsats 1–3 (MSS), Landsats 4–5 (MSS and TM), Landsat 7 (ETM+), 
and Landsat 8 (OLI). All Landsat metadata for Landsat 4–5 TM, Landsat 7 ETM+, Landsat 8 
OLI and Pre-Collection metadata for Landsat 1–5 MSS are available at https://landsat.usgs.gov/
landsat-bulk-metadata-service. In this analysis, we included the unique scene identification number, 
sensor, acquisition date, Worldwide Reference System (WRS) path and row, as well as percent 
cloud coverage from the metadata. The WRS is the reference system used to partition the Earth into 
Landsat scenes, each with dimensions of 185 km × 185 km; Landsats 1–3 used WRS-1 whereas 
Landsat 4 and subsequent Landsat satellites have used WRS-2. The number of images acquired is 
analogous to the number of observations for each scene.
Landsat imagery acquired within ±30 days of August 1 (northern hemisphere summer; Julian 
date 213) has been considered suitable for BAP compositing and forest monitoring (Griffiths et 
al. 2013; White and Wulder 2013; White et al. 2014; Hermosilla et al. 2015). Based upon similar 
seasonality and expectation of peak photosynthesis mid-summer, the temporal distribution of images 
was analyzed within this time window to characterize the potential of the Landsat archive holdings 
for forest monitoring purposes. Furthermore, MSS era images were excluded from these analyses 
because of the current challenges in incorporating the different spatial and spectral properties of 
these data into time series analyses (Pflugmacher et al. 2012; Braaten et al. 2015). Thus, we have 
only included the images acquired from 1984 onwards for forest monitoring purposes. Additionally, 
a threshold for cloud cover was set to 70% based on previous studies (Griffiths et al. 2013; White 
and Wulder 2013). The 70% maximum cloud cover is selected to ensure some minimum level of 
clear pixels and sufficient ground visibility to aid in geometric rectification procedures (White et 
al. 2014). Our analyses also incorporated the regional variability of the Landsat archive suitable 
for BAP compositing and forest monitoring (i.e. a compositing window of August 1 ±30 days 
and cloud cover <70%), by characterizing archive holdings for the 13 Public Service Units of the 
Finnish Forest Centre.
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We calculated the average number of images per scene and per year currently in the archive 
(as of December 31, 2017) meeting the BAP compositing criteria. These numbers were then summed 
in the overlapping areas between scenes, to demonstrate the theoretical impact on observation 
yield resulting from Landsat scene overlap. To demonstrate the realized potential of the archive for 
image compositing, we created annual BAP composites for a 5.3 Mha area (representing 11 unique 
WRS-2 path/rows) in southern Finland for 1984–2017 following the approach described in White 
et al. (2014) and Hermosilla et al. (2016). We then calculated the total number of observations 
(i.e. the number of years with clear pixels used in the composites). As a result, we demonstrate the 
theoretical impact of Landsat scene overlap on the generation of BAP image composites in Finland.
3 Results
As of December 31, 2017, there were a total of 30 076 images in the Landsat data archive of Finland. 
Most of the images were acquired with the TM (42.8%) and ETM+ (31.8%) sensors (combined 
74.6%), followed by OLI (19.1%) and MSS (6.4%) (Fig. 1). The distribution of available data 
through time is not consistent: the number of images is limited prior to 1984 and for 1991–1993, 
and 1995–1997. More than two-thirds (68.5%) of the archived images were acquired after the 
launch of Landsat-7 ETM+, enabled by a systematic long-term acquisition plan (Arvidson et al. 
2001). Image acquisitions increased markedly with the launch of Landsat 8 (OLI) in February 
2013; after only 5 years of operation, OLI data represent 20% of the archived holdings for Finland. 
Moreover, the annual rate at which OLI has accrued data in the archive since 2013 is more than 
double that of TM and ETM+ (Fig. 1).
Fig.1. Total number of archived Landsat images acquired for Finland, by year and sensor. MSS = Multi-Spectral Scan-
ner, TM = Thematic Mapper, ETM+ = Enhanced Thematic Mapper Plus, and OLI = Operational Land Imager.
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Fig. 2. Percentage of all archived Landsat images acquired for Finland and their acquisition day of year (A) as 
well as number of archived Landsat images acquired for Finland within ±30 days from the target day of year 
(August 1) and with cloud cover < 70%, by year and sensor (B).  MSS = Multi-Spectral Scanner, TM = The-
matic Mapper, ETM+ = Enhanced Thematic Mapper Plus, and OLI = Operational Land Imager..
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The total number of archived Landsat images for Finland acquired within ±30 days of August 
1 (Julian date 213) was 8901, of which 8121 images (or 27.0% of the total archive holdings) were 
acquired with a sensor other than MSS (Fig. 2A). For the BAP compositing scenario (i.e. August 1 
±30 days with <70% cloud cover) there were 4897 images from TM, ETM+, and OLI, representing 
16.3% of the total archive holdings (Fig. 2B).
All the Public Service Units of the Finnish Forest Centre, with exception of Lapland, have 
a minimum of 76 images per Landsat scene acquired since 1984 meeting the BAP compositing 
criteria, corresponding 72.3% of the land area of Finland (Fig. 3). The Southwest Finland and Åland 
regions have the greatest number of archived Landsat images per scene (>100).
The mean number of archived images per year was greater in overlap areas between adjacent 
scenes (Fig. 4A). Increased observational density in overlap areas further enables BAP composit-
ing approaches, as these areas will have more potential observations for BAP compositing. This 
potential for increase observations is realized when composites are generated, as shown in Fig. 4B 
representing annual BAP composites generated for 1984–2017. Overlap areas have more images 
per year and more years with observations in the final BAP composites.
Fig. 3. Total number of images (1984–2017) for WRS-2 Landsat scenes cov-
ering Finland that were acquired within ±30 days from the target day of year 
(August 1) and <70% cloud cover, by Public Service Units of the Finnish Forest 
Centre.
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4 Discussion
LTS offer a unique opportunity for long-term forest monitoring. Although the archive holdings for 
Finland are not as extensive as for North America (Wulder et al. 2016), they do provide possibili-
ties for increasing knowledge about development of Finnish forests both spatially and temporally. 
The NFI has provided statistics about Finnish forests since the 1920s, and MS-NFI from the early 
1990s. However, the thematic maps between different MS-NFIs are not comparable thus, direct 
change detection using them is challenging. Utilization of LTS could therefore enhance spatially-
explicit and retrospective analyses for explorations of changes in land use (i.e. forested area) to 
support greenhouse gas reporting, for example. However, if detailed information about the amount 
of removed wood is of interest, data from field measurements would be required.
The 1980s and 1990s represented a period of instability in the Landsat program, with 
Landsat data priced for cost recovery by NOAA, and programmatic control of Landsats 4 and 5 
(and development of Landsat 6) transferred from the United States government (NOAA) to the 
private sector (EOSAT) from 1985 until 2001. Simultaneously, costs for Landsat data increased 
dramatically and demand fell. The Landsat archive holdings suffered most significantly during 
this time. In the absence of a long-term acquisition plan, and faced with substantial data downlink 
costs, acquisitions became increasingly US-centric and were demand-driven (Goward et al. 2017). 
Although International Cooperators continued to downlink data, they were also applying the same 
Fig. 4. Mean number of images (1984–2017) per year for WRS-2 Landsat scenes covering Finland that were 
acquired within ±30 days from the target day of year (August 1) and with <70% cloud cover (A). Realized num-
ber of observations (i.e. number of years with clear pixels for compositing) from best-available pixel (BAP) 
composites (1984–2017) for a sample area in southern Finland (B).
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cost-recovery model as EOSAT, with a similar data pricing structure. Faced with significant funding 
shortfalls from the US Government, EOSAT ceased processing Landsat data by the end of 1992 
and did not resume processing until 1994. The MS-NFI was first introduced during the eighth NFI 
(carried out between 1986 and 1994). Concurrently, the coverage of the Landsat archive in Finland 
is very limited, particularly for 1991–1997 (except for 1994).
Despite spatial gaps in archive holdings, overlap between adjacent scenes ensures adequate 
spatial and temporal coverage to enable BAP compositing (Griffiths et al. 2013; White et al. 2014). 
Furthermore, approaches for change detection, among others (Hermosilla et al. 2016; Zhu 2017), 
enable a spatially-explicit historic record of forest change to be constructed from the LTS, which 
can enhance the characterization of the development of Finnish forests over time. Consequently, 
estimates of harvested or burned areas can be identified as well as when land use class from forest 
has changed. In addition to the capture and documentation of forest disturbances, LTS surface 
reflectance values have demonstrated utility for monitoring and quantification of vegetation recovery 
following fire and harvest (White et al. 2017). As assessments of forest recovery using field plots 
are typically spatially and temporally constrained (Bartels et al. 2016), the capacity to assess both 
disturbance and recovery over large areas with LTS data can augment plot-based analyses with 
both temporally and spatially exhaustive information on recovery.
The “always on” status of OLI has resulted in an increase in the number and seasonal dis-
tribution of images for Finland. This increased data collection offers enhanced possibilities for 
the future of forest monitoring (i.e. from annual to within year BAPs). Moreover, the relatively 
short turnaround time between acquisition and availability of the images in the Landsat archive as 
analysis ready data enables the development of near-real time applications (Zhu and Woodcock 
2014). However, the strength of LTS is long-term forest monitoring with the unique time frame 
of observations.
In combination with Sentinel-2 satellites, acquiring data with similar characteristics to OLI 
data and are being made openly and freely available (Li and Roy 2017), compositing algorithms 
can become more robust, buttressing the complementary role of optical satellite imagery to expand 
support Finnish forest monitoring activities. Due to spatial and spectral complementarity between 
Landsat and Sentinel-2 (Drusch et al. 2012), and given progress towards cross-calibration of these 
data (Zhang et al. 2018), Landsat archival imagery can provide a baseline against which trends 
derived from Sentinel-2 observations can be compared (Wulder et al. 2015, 2018). Moreover, syn-
ergies between Landsat and Sentinel-2 provide opportunities for shorter revisit times and improve 
the likelihood of cloud-free observations to support compositing approaches (Li and Roy 2017).
5 Conclusions
Global coverage of Landsat data has fluctuated over time due to logistical and programmatic fac-
tors. The USGS Landsat archive holdings for Finland represent more than three-decades of data 
acquired since 1984 with a 30 m spatial resolution. These archive holdings are sufficiently dense to 
support the development of annual image composites that can consecutively be used for long-term 
forest monitoring. Retrospectively, these data provide a useful source of baseline information for 
forest monitoring in the context of climate change, and moreover, could support a broad suite of 
information needs and scientific applications, such as spatially-explicit investigations of changes 
in forest connectivity and composition over time, and variation in regional trends in forest recov-
ery. These data complement the dense network of NFI field plots and provide new information for 
forest monitoring at regional and national levels.
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